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Abstract—Wireless implanted medical devices (IMDs) provide
ease and comfort to an increasing number of patients and
physicians. Currently, radiofrequency electromagnetic waves are
the most commonly used method for communicating wirelessly
with IMDs. However, due to the restrictions on the available
bandwidth and the employable power, data rates of RF-based
IMDs are limited to 267 kbps [1]. Considering standard definition
video streaming requiring 1.2 mbps and high definition requiring
3 mbps bitrates, it is not possible to use such devices for high
data rate communication applications such as video streaming.
In this work, an alternative method that utilizes ultrasonic waves
for IMDs to relay information at high data rates is introduced.
Advanced signal processing and communications techniques are
tailored to realize the full potential of the ultrasonic channel
through biological tissues. Consequently, the experiments demon-
strate that video-capable data rates can be achieved with mm-
sized transducers communicating through water, ex vivo beef
liver, pork chop and in vivo rabbit abdomen.
I. INTRODUCTION
W IRELESS implanted medical devices (IMDs), whichmake use of sensors within the body and communicate
data wirelessly to a receiver or transmitter outside of the body,
are rapidly becoming an integral part of medical diagnostic
and treatment procedures. About 1 in 10 people in America
and about 1 in 17 people living in industrialized countries
rely on IMDs to regain body function, to improve life quality
or to maintain survival [2]. Applications where IMDs are
used as the primary information acquisition device include,
but are not limited to, pacemakers that prevent cardiovascular
malfunctions, insulin monitors and pumps that control glucose
levels in the blood and adjust insulin levels accordingly, and
ingestible cameras that record the digestive tract when swal-
lowed and deliver diagnostic information about gastrointestinal
conditions. Some of these devices, such as pacemakers, are
designed to perform a task to overcome deficiencies of the
patients body and to be replaced invasively once their batteries
are exhausted. Some other devices, such as ingestible cameras,
are designed to be collected after data acquisition, and the
data can be processed offline. Nevertheless, these systems
are not connected devices. Therefore, they lack the capability
of instantaneous, in vivo intervention and they have to be
followed up with invasive, interventional procedures in case an
anomaly is detected. Such invasive procedures are known to
cause patient anxiety and have the associated risks of infection
and additional complications. Hence, a medically significant
need exists to develop an active and online system that can
relay information in real-time to devices outside of the body
and open up the possibility of instantaneous intervention.
Currently, radiofrequency (RF) electromagnetic waves are
the most frequently used method in wireless communication
applications such as television, radio, or mobile phone com-
munications. When RF waves travel through the air, they
experience little attenuation. Additionally, they can operate
at high frequencies, where the available bandwidth is also
high. Their capability of operating at high frequencies while
experiencing low loss makes RF waves appropriate for long-
range, high data rate wireless communication applications
through the air. However, there are various drawbacks of using
RF waves in online wireless IMDs to transmit data through
the body. First, RF waves are highly attenuated in the body
and have limited penetration depth. RF waves can travel 10
centimeters through the body from a deep-tissue implanted
medical device before experiencing 60 dB of path loss [3]. In
stark contrast, they can travel as far as 59 meters through
air before undergoing the same loss [4]. Therefore, higher
power levels need to be employed to compensate for the
losses in the body due to high attenuation. However, the RF
signal power levels IMDs could deploy are limited for safety
reasons, as higher power increases the risk of tissue damage
[5]. There are also federal regulations on the allocation of
the RF spectrum use within, and outside the body. Under
such rules, the allocated operation frequencies to IMDs are
within the range of 401-406 MHz, and the corresponding
maximum allowed bandwidth is 300 kHz [6]. Restrictions on
the transmit power and operable bandwidth lead to funda-
mental performance constraints for such devices employing
RF links and the data rates of the current RF-based IMDs
are demonstrated to be limited to 267 kbps [1]. Considering,
for example, the standard definition video requires 1.2 Mbps
bitrate, while high definition video streaming starts at 3 Mbps
[7], these regulations set a significant barrier against possible
wireless IMD applications to include video transmission.
Ultrasonic waves have been widely used as an alterna-
tive to radiofrequency communications for a long time in
underwater communications applications, where RF waves
experience significant losses. Employing ultrasonic waves for
such applications enables data rates of 1.2 Mbps over 12m
under water [14], as opposed to 50 kbps over similar distances
with electromagnetic waves [15]. Since acoustic waves have
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2TABLE I: Comparison of recent works employing ultrasound for communicating with IMDs
Transmission Medium Transducer Size Modulation Equalizer Data Rates BER
[8] Phantom+Scatter 2 mm QPSK - 200 kbps <1e-4
[9] Mineral oil 1.1x1.1x1.4 mm3 QPSK (2x2 link) - 2x125 kbps <1e-4
[10] Castor oila 0.6x0.6x0.4 mm3 OOK - 95 kbps <1e-4
[11]
Chicken phantom 1 mm OOK/CDMA - 1 mbps 1e-02
Live ovine 1 mm OOK/CDMA - 800 kbps 1e-01
[12] Phantom 44x19 mm2 OFDM
Channel estimation
based
28.12 mbps 1.3e-01
12.09 mbps 1.9e-04
[13] Kidney phantom 9.5 mm PPM - 70-700 kbps <1e-6
aExperiments are also performed with animal tissue; but the corresponding data rates are not reported.
been used broadly in underwater communication applications
for a long time, the characteristics of the underwater acous-
tic channel have been well established. It is known to be
time-varying due to motion and the changing environment,
dispersive due to different speed and attenuation of different
frequencies, frequency selective with long delay spread due to
several multipaths and with Doppler spread due to motion.
Considering a wireless medical implant moving inside the
body while communicating with a receiving probe outside
of the body, most if not all of these characteristics apply
to through-body ultrasonic communications channel as well.
Hence, employing advanced underwater communications tech-
niques is a promising approach in order to achieve video-
capable data rates through biological tissues.
Similar characteristics of wireless communication channels
through the body and under water suggests ultrasonic waves
as a promising option for high data rate transmission in
vivo. Besides experiencing lower loss and hence propagating
deeper in the tissue, ultrasonic waves are desirable for wireless
through-body communications for several other reasons: First,
because the loss is lower, the transmission can take place
at lower transmit power levels. As a result, the patient ex-
periences lower, if not insignificant, heating in the tissues.
Second, medical applications that utilize ultrasound waves,
such as ultrasound imaging, have been considered as a safer
option compared to applications that utilize electromagnetic
waves, such as X-ray imaging, which exposes the patients to
significant amounts of radiation [16]. Third, because there are
no official regulations on the ultrasonic frequency spectrum,
the available bandwidth, and the corresponding potential for
high data rates are significantly higher. For all these reasons,
employing ultrasound waves for through-tissue communica-
tions at video-capable data rates offers a safe and efficient
alternative to RF communications.
Ultrasonic waves have been used in the literature for wire-
less in-body and through-body communications and showed
the feasibility of the ultrasonic communication link through
biological tissues. A comparison of the recent works in the
literature employing ultrasound towards through-tissue com-
munications is demonstrated in Table I. Nevertheless, the
[12]
[10], [11]
[17][11]
[8], [9]
[13]
High
data rates
Biological
tissues
Small form
factor
This
work
Fig. 1: This is the first work in the literature that achieves
high data rates (>1 mbps) through real biological tissues (as
opposed to phantoms) using small form factor (<1 cm)
transducers.
methods in the literature either achieve lower data rates (<1
mbps) that do not suffice standard video communication [8],
[9], [10], [11], [13] or achieve higher data rates with large
form factor transducers (>1cm) that could not be utilized in
a small implantable device [12], [17], or the communication
link is established through phantoms instead of real biological
tissues [11], [12]. This work, to the authors’ best knowledge,
is the first work in the literature that achieves video-capable
data rates with small form factor transducers through real ex
vivo and in vivo biological tissues (Fig. 1).
In this paper, ultrasonic waves are employed to transmit
video data through water and ex vivo and in vivo biological
tissues. The effects of different parameters and trade-offs
on the data rates are examined by using transducers with
different center frequencies and focusing capabilities, and
by experimenting through different transmission media with
different absorption characteristics. High order, spectrally effi-
cient modulation techniques (quadrature amplitude modulation
3(QAM)) and a robust sparse equalizer (phase-coherent [18],
sparse [19] decision feedback equalizer) are used in order
to achieve high data rates with less computational power to
enable real-time processing at high data rates. The experiments
demonstrate that video-capable data rates can be achieved with
BER at most 1e-3 through water, ex vivo beef liver, pork chop,
and in vivo rabbit abdomen. The focus of the experiments in
this paper is on video communications since it is one of the
most data-hungry communication applications. However, the
proposed method can be used for relaying any data through
the presented transmission media.
II. COMMUNICATION SYSTEM
In the proposed communication system, data is obtained
through a camera. Information obtained from the camera is
mapped into transmit symbols, modulated onto a sinusoidal
carrier signal, formed by an arbitrary waveform generator and
transmitted through water or through the biological tissue of
varying thickness with different types of transducers that have
different center frequencies and power levels. At the receiver
end, the received waveform is sampled by a digitizer, and
channel equalization is performed to compensate for the effects
of the transmission medium and to retrieve the transmitted
symbols. In the end, the retrieved symbols are mapped back
to the video data to be displayed on a screen.
A. Transducers
Different characteristics of transducers affect the feasibility
of the application in different ways: While the size and bio-
compatibility limit the scenarios that require the deployment
of the transducer in the body, directivity and center frequency
determine the amount of attenuation, available bandwidth, and
signal-to-noise ratio (SNR) of the received signal.
• Directivity: An essential property of a transducer is its
capability to focus the transmitted energy in a particular
direction and its sensitivity on the direction of the re-
ceived signal. The more directional a transducer is, the
higher the projected and received signal power, hence the
SNR, at the focal point. However, the increased directivity
requires the transmitting and receiving transducers’ focal
points to be aligned for high SNR levels.
• Center frequency: Center frequency of a transducer de-
termines the attenuation of the signal through a transmis-
sion medium. Attenuation increases with the frequency.
Hence, higher frequencies give rise to lower signal power
at the receiver (Table II). On the other hand, higher center
frequency usually results in higher available bandwidth,
which enables higher data rates. Hence, it is crucial to
choose an appropriate center frequency that balances the
trade-off between attenuation and data rates.
• Size: The application needs typically limit the size of
a transducer. For example, the transducers used in a
wireless capsule endoscopy camera cannot be larger than
a size of a pill that needs to be swallowed, whereas a
permanently implanted device might have more flexibility
in terms of size.
B. Transmitter and Modulation
In a communications application, the data rate is propor-
tional to the bandwidth of the communication system. In order
to achieve high data rates, the available bandwidth should be
utilized with an efficient modulation technique. In this paper,
quadrature amplitude modulation (QAM) is used due to its
high spectral efficiency.
In the transmitter end, the data obtained from the webcam is
converted into N symbols {x1, . . . , xN} ∈ {0, . . . , 2M − 1},
which corresponds to MN bits, where 2M is the order of the
modulation. The symbols are upsampled by L = fsfb , where fs
is the sampling and fb is the symbol frequency, and shaped
with a root-raised cosine filter p(t) with a roll-off factor of
0.8, resulting with the data packet
xD(t) =
N−1∑
k=0
xkp(t− kTb) (1)
where Tb = 1fb is the symbol time.
In front of the data packet, a 10 microsecond linear chirp
spanning from − fb2 to fb2 followed by a one millisecond guard
interval is appended. The transmission packet, which consists
of the linear chirp preamble, guard interval, and data packet, is
then modulated by a sinusoidal carrier, where fc is the center
frequency of the transmission band. The passband signal
x = (t) = Re
{
N−1∑
k=0
xkp(t− kTb)ej2pifct
}
(2)
is then sent through the channel with the preceeding chirp
signal.
C. Transmission Medium and Channel
The transmission medium is one of the most crucial factors
that determine the characteristics of the ultrasonic channel.
The tissue type and the different segments that constitute the
tissue affect the attenuation of the signal. In order to explore
the effects of the transmission channel on the data rates, the
experiments are conducted through different media such as
water, ex vivo beef liver, ex vivo pork chop, and in vivo
rabbit abdominal wall. Beef liver and pork chop are preferred
for this study because they are easy to obtain (e.g., can be
bought from a grocery store), and beef liver is a representative
example of a homogeneous biological tissue while pork chop
is a non-homogeneous tissue consisting of layers with different
attenuation and scattering properties.
Water and the biological tissues used in this study is known
to be dispersive media. Through these transmission channels,
TABLE II: Attenuation of ultrasonic waves at different
frequencies when traveled through different body parts of
average thickness [3]
Attenuation (dB)
Frequency 1 MHz 5 MHz
Tissue
Fat 1.52 8.68
Muscle 0.45 4.24
Small Intestine 0.5 2.49
4Fig. 2: Transducers with different center frequencies and
form factors, used as transmitters and receivers.
different frequencies travel at different speeds, and they are
absorbed in different amounts. Besides, the layers and the
inhomogeneities within the tissues, as well as their reflective
surroundings, cause multipath. As a result, the channel impulse
response is expected to be dispersive with a long tail spanning
a large number of symbols.
D. Receiver and Channel Equalization
In order to achieve sufficient data rates for video stream-
ing through the challenging media constituting a bandlim-
ited system, higher-order modulation needs to be employed.
However, because of the dispersion, multipath, phase and
frequency shifts, and noise, it is not possible to retrieve the
transmitted higher-order QAM symbols without equalization
at the receiver. Moreover, due to the dispersive characteristics
of the channel with a long impulse response, intersymbol
interference (ISI) becomes a further limiting factor in the
data rates of the transmission system. Hence, to account for
the intersymbol interference while equalizing for the channel,
decision feedback equalizer (DFE) [20] is utilized at the
receiver end. DFE is known to cancel out the effect of ISI
by learning and feeding back an estimation of the ISI caused
by the previous symbols on the current symbol estimated by
a linear (feedforward) equalizer.
Quadrature amplitude modulation requires coherent detec-
tion of the signal at the receiver for successful equalization
and demodulation. Hence, a preamble is used to align the
received signal coarsely. To obtain a reasonable coarse align-
ment that would fall within a few samples of the precise
alignment, a preamble which has a high peak-to-sidelobe ratio
in its autocorrelation function should be chosen. Also, if the
appropriate preamble is chosen, it could provide a coarse
Doppler estimate and enable the resampling of the signal
before demodulation and equalization. A linear chirp provides
high peak-to-sidelobe ratio, and it can also be used for coarse
Doppler estimation [18]. After coarse alignment and Doppler
correction, the remaining shifts and possible drifts during the
transmission can be compensated using a phase-locked loop
in combination with a fractionally-spaced DFE [18].
(a) 2mm @ 1.3 MHz transducer
(SM1) through 2cm beef liver
(b) 5×8 mm2 @ 5 MHz
transducer (SM5) through 2 cm
beef liver
Fig. 3: Experimental setup with different transducers
suspended in a water tank, facing each other with beef liver
in between. A funnel is used to prevent potential paths
reflecting from the tank’s walls and arriving at the receiver
without passing through the tissue.
III. EXPERIMENTS
A. Setup
To analyze the characteristics and the data rates through dif-
ferent types of media, the experiments are performed through
water and through different thickness of ex vivo beef liver in
a plastic bag suspended in a water tank filled with degassed
water, with transducers facing each other with beef liver in
between (Fig. 3). The experiments are conducted with four
different transducers with different size, directivity, and center
frequency in order to examine the effects of each of these
factors on data rates (Fig. 2). Large, focused and directional
transducers with 1 and 5 MHz center frequencies (Valpey
Fisher, Hopkinton, MA), denoted as VF1 and VF5, biocompat-
ible sonomicrometry crystals of 2-mm diameter that operate
around 1.3 MHz (Sonometrics, London, CAN), denoted as
SM1, and a rectangular 5 MHz transducer with 5mm width
Fig. 4: Transmission of the data, obtained with an endoscopy
camera, through the abdominal wall of a rabbit using 2 mm
transducers
5TABLE III: Experimental transmission parameters and resulting data rates for transmissions through different media with
different transducers
Channel Type Transducer Modulation Format fc fb Data Rate (Mbps) BER
Water VF1 256-QAM 1 MHz 0.7 MHz 5.6 <1e-4
Water VF5 64-QAM 5 MHz 5 MHz 30 <1e-4
Water SM1 256-QAM 1.3 MHz 0.8 MHz 6.4 1e-3
Water SM5 256-QAM 5 MHz 3.6 MHz 29 2.1e-3
Beef Liver (2cm) VF1 64-QAM 1 MHz 0.8 MHz 4.8 <1e-4
Beef Liver (2cm) VF5 64-QAM 5 MHz 4.2 MHz 25 1.2e-3
Beef Liver (2cm) SM1 256-QAM 1.3 MHz 0.5 MHz 4 <1e-4
Beef Liver (2cm) SM5 64-QAM 5 MHz 4.2 MHz 25 <1e-4
Beef Liver (5cm) VF1 64-QAM 1 MHz 0.8 MHz 4.8 <1e-4
Beef Liver (5cm) VF5 64-QAM 5 MHz 3.6 MHz 21 <1e-4
Beef Liver (5cm) SM1 256-QAM 1.3 MHz 0.5 MHz 4 5e-4
Beef Liver (5cm) SM5 16-QAM 5 MHz 4.2 MHz 17 1.2e-3
and 8mm height denoted as SM5 are used as the transmitting
transducers. At the receiver end, since the applications are
typically not limited by the transducer size outside of the body,
large and highly focused transducers with 1 and 5 MHz center
frequencies, VF1 and VF5, are used to maximize the received
signal power.
In the through-water experiment, the plastic bag is filled
with degassed water and suspended between the transducers
to account for the reflective properties of the bag in further
experiments. For the experiments conducted in the water tank,
the receiving transducer is placed inside a funnel to eliminate
potential signal paths reflected from the tank’s walls without
traveling through the biological tissue. In order to examine
the effects of tissue properties, additional experiments are
performed with 2 cm and 8 cm pork chop suspended in the
air with two SM1 transducers attached at each side.
In order to demonstrate in vivo transmission capabilities
of the system, the experiments are repeated with 2 mm
biocompatible transducers through the abdominal wall of a
euthanized rabbit. Transmitting transducer is implanted behind
the abdominal wall, and the receiving transducer is placed on
the shaved abdomen of the rabbit (Fig. 4).
In the ex vivo experiments, transmission data is obtained
through a webcam (c925e USB HD Webcam, Logitech, Lau-
sanne, CH) that has onboard h.264 video compression. In
the in vivo experiments with the rabbit, the data is obtained
through an endoscopy camera (T01 8.5mm USB Semi-Rigid
Endoscope, Depstech). In all the experiments, the signal is
generated, transmitted, recorded, and then processed. An ar-
bitrary waveform generator (PXI-5422, National Instruments,
Austin, TX) is used to generate the transmission signal at
the preset center frequencies with different bandwidths, coded
with different modulation schemes. A digitizer is used (PXI-
5124, National Instruments, Austin, TX) to acquire the signal
at the receiver end. In order to drive the National Instruments
equipment and to process the received data, Matlab (Math-
Works, Natick, MA) is used.
At the receiver end, the signal is captured by the digitizer,
coarsely aligned and corrected for Doppler effects using the
chirp preamble, and the received data packet is decoded using
the fractionally-spaced, phase-tracking, sparse decision feed-
back equalizer [18], [19]. Out of 10,000 symbols transmitted
with each data packet, 50% to 90% are used in the training
mode to learn the equalizer coefficients, and the rest is used
in the decision-directed mode while updating the equalizer
coefficients to track the channel variations. The coefficients
are updated using the recursive least-squares algorithm.
B. Results
The results of the first set of transmission experiments
through water and beef liver are displayed in Table III.
The thickness of the biological tissue increases attenuation,
and resultingly decreases data rates for a given transmission
frequency. For a given thickness, higher frequencies provide
higher data rates despite the increased attenuation, thanks to
higher available bandwidth. However, the form factors of the
high-frequency transducers are too large to be used in an
IMD such as video capsule endoscopy pill. Hence, it is more
realistic to focus on the small form factor transducers, for
which the experiments demonstrate video-capable data rates
through water and beef liver.
In the second set of experiments, 16-QAM, 1.4 MHz center
frequency signal with 0.5 MHz symbol rate and 16-QAM,
1.4 MHz center frequency signal with 0.5 MHz symbol
rate were transmitted through 2 cm and 8 cm pork chop,
respectively. The results, for which the mean-squared error
and received-signal constellation plots are displayed in the top
and middle plots of Fig. 5, demonstrate successful decoding of
the symbols. By the time of publication of this paper, higher
modulation orders have not been tested through pork chops.
Although the current experiments result in video-capable data
rates of 2 mbps and 1.6 mbps with BER<6.25e-5, the output
6Fig. 5: Mean-squared error (left) and received signal
constellation after equalization (right) for transmissions
through 2 cm ex vivo pork chop (top), 8 cm ex vivo pork
chop (middle) and in vivo rabbit abdomen (bottom)
signal-to-noise ratios of these experiments suggest higher-
order QAM could be employed. Precisely, 28 dB output SNR
per bit (Eb/N0) for the 2 cm pork chop experiment would
allow 256-QAM, yielding data rates of at least 4 mbps, and
the 16.4 dB output SNR for the 8 cm pork chop would allow
64-QAM yielding 2.4 mbps [21] (page 281).
Finally, the bottom plots in Fig. 5 display the successful
transmission of 256-QAM, 1.1 MHz center frequency signal
with 0.4 MHz symbol rate through in vivo rabbit abdomen,
which results in data rates of 3.2 mbps with BER<4.2e-5.
IV. CONCLUSION
An online IMD that is capable of video communications
or with the ability to transfer data at rates comparable to
video streaming would be revolutionary in medical therapy
and diagnostics. It will be possible to live-stream images or
download software updates, patient history, or other collected
data, all within a single office visit. The regulations on and
characteristics of RF waves restricts their use in wireless
IMDs. On the other hand, recent developments in materials
science have enabled the manufacture of small, biocompatible
piezoelectric devices that have similar material properties to
the ultrasonic transducers [22]. It would be possible to use
such small devices invasively with minimal damage.
Previous works in the literature demonstrated the feasibil-
ity of ultrasound waves to communicate through the body.
However, the realization of such communications at high data
rates with small form factor transducers were pending. In this
TABLE IV: Data rates with corresponding bit error rates
through different tissues using 2 mm SM1 transducers
Channel Type Data Rate BER
Water 6.4 mbps 1e-3
Beef Liver (2 cm) 4 mbps <1e-4
Beef Liver (5 cm) 4 mbps 5e-4
Pork Chop (2 cm) 4 mbpsa <1e-6
Pork Chop (8 cm) 2.4 mbpsa <1e-3
Rabbit Abdomen 3.2 mbps <4.2e-5
aExtrapolating from the output SNR
work, it is demonstrated for the first time that achieving video-
capable data rates using ultrasonic waves through different
biological tissues is possible by employing refined signal
processing and communication techniques.
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